P alladium (Pd) compounds provide useful catalysts for organic transformations to produce a wide range of organic compounds such as pharmaceuticals, agrochemicals, and organic materials for various applications (1, 2) . Organopalladium compounds, typical intermediates in Pd-catalyzed organic transformations, generally prefer low formal oxidation states such as 0 and ϩ2. Only relatively recently has the importance of organopalladium compounds with a ϩ4 formal oxidation state been recognized (3, 4) . The first stable organopalladium compounds with this ϩ4 formal oxidation state, Pd IV (C 6 F 5 ) 2 Cl 2 (L-L) (L-L ϭ bidentate neutral ligands), were isolated in 1975 (5); then, alkylpalladium(IV) species were also isolated and intensively studied (3, 6) . However, an organopalladium compound with a formal oxidation state exceeding ϩ4 has never been identified. On the other hand, highly electronegative fluorine ligands reportedly can produce ϩ5 and ϩ6 oxidation states in inorganic Pd compounds, although such species are unstable and have not been well characterized (7, 8) . Electrochemical formation of PdO 3 is also suggested (9) . It is also known that more electropositive ligands such as hydride and silyl ligands can form stable transition-metal compounds with high formal oxidation states such as K 2 Re VII H 9 , (Me 5 C 5 )Ir V H 4 , and (Me 5 C 5 )M V (H) 2 (SiEt 3 ) 2 (M ϭ Co, Rh, Ir) (10) (11) (12) (13) (14) .
We have found that sterically less demanding chelating silyl ligands are useful in stabilizing silyl transition-metal compounds with high formal oxidation states (15) and reported silylpalladium(IV) (16) and silylnickel(IV) compounds (17) . During our effort to synthesize silyl group 10 transition-metal compounds with formal oxidation states exceeding ϩ4, we obtained a trinuclear Pd compound 1 (Fig. 1 ), which has a central Pd atom ligated by six Si atoms (18) . X-ray structure analysis of compound 1 showed a possible Si-Si bonding interaction between two pairs of Si atoms and lead to two possible structural descriptions, 1a (six Pd-Si single bonds, formal oxidation state ϩ6) and 1b (two Pd-Si single bonds and two Si-Si -bonds coordinating to the Pd atom, formal oxidation state ϩ2) (18, 19) . Theoretical calculations for compound 1 suggested that 1b more appropriately represented the bonding structure of this compound than did 1a (20, 21) . In this article, we describe two multinuclear Pd compounds, each of which has a Pd center ligated by five Si atoms. X-ray structure analysis as well as theoretical calculations suggested that each Pd-Si bond of the central Pd atoms has a relatively high single-bond character.
Results and Discussion
The trinuclear Pd compound 1 was synthesized by the thermal condensation reaction of three molecules of Pd(II) compound [{1,2-C 6 H 4 (SiH 2 ) 2 }Pd II (R 2 PCH 2 CH 2 PR 2 )] 2. We simply modified the structure of the starting Pd compound 2 by putting two methyl groups on one of the two Si atoms. Because the Si-C bonds are much less reactive toward transition metals than are Si-H bonds, the modified compound [{1,2-C 6 H 4 (SiMe 2 )(SiH 2 )}Pd II (dmpe)] 3 [dmpe ϭ 1,2-bis(dimethylphosphino)ethane] was expected not to produce a compound similar to 1.
A thermal condensation reaction of compound 3, which was prepared by the reaction of 1,2-C 6 H 4 (SiMe 2 H)(SiH 3 ) (22) with [Pd(PEt 3 ) 2 (dmpe)], took place at 80°C or higher (Fig. 2) . At 80°C in toluene, dinuclear compound 4 with a new Si-Si single bond was initially formed as a mixture of two stereoisomers as judged by 1 H and 31 P NMR spectroscopy. The structures of the two stereoisomers were confirmed to be meso-and dl-isomers by x-ray structure analysis (vide infra). With continued heating at 80°C for 2 days, trinuclear compound 5 started to emerge, and 31 P NMR spectroscopy identified four signals with equal intensities for this compound. A separate experiment in an NMR tube heated at 100°C for 6 days afforded compounds 4 (meso-and dl-isomers in a 7:3 ratio) and 5 as the main products. The reaction slowed gradually, and the conversion of 3 reached Ϸ70% after 6 days. The yields of 4 and 5 estimated by 1 H NMR integration were 55% and 39%, respectively, based on the converted 3. Compounds 4 and 5 were isolated by fractional solvent extraction/crystallization procedures. During the attempts to isolate and crystallize compound 5, a tiny amount of minor product, tetranuclear compound 6, was unexpectedly obtained as single crystals. Although compound 6 was formed in a low yield, the existence of 6 in the reaction mixture was easily confirmed by 1 H NMR spectroscopy in tetrahydrofuran (THF)-d 8 , in which some of the signals of 6 were well separated from those of other compounds. The estimated yields of compound 6 in the reaction mixture varied (1-5%) depending on the reaction conditions. The product distribution largely depended on the concentration and reaction temperature. Higher concentration and higher reaction temperature favor the formation of 5 and 6.
The structures of the two isomers of 4, 5, and 6, respectively, were unambiguously determined by the x-ray structure analysis. Figs. 3 and 4 , respectively, show the molecular structures of meso-and dl-4. The Pd-Si, Pd-P, and Si-Si bond distances in meso-and dl-4 (Table 1) were all in their typical ranges. Fig. 5a shows the molecular structure of 5, and its structural features are as follows. The central Pd atom, Pd1, no longer retains the chelating phosphine ligand as is the case in 1 but instead is ligated by five Si atoms. The geometry of the Pd1(Si) 5 moiety may be described as highly distorted, square-based pyramidal with Si5 at the apical position. The five Pd1-Si bond distances range from 2.2903 (8) Another unique feature of compound 5 is that one (Si1) of the Si atoms is pentacoordinate. As mentioned above, the Pd1-Si1 distance is comparable to common Pd-Si single-bond distances, but the Pd2-Si1 [2.5273(10) Å] and Pd3-Si1 [2.5966(9) Å] bond distances are much longer than is common.
The molecular structure of compound 6 is shown in Fig. 5b . Compound 6 is crystallographically C 2 -symmetric. The geometry of the Pd1(Si) 5 moiety can be described as distorted trigonal bipyramidal [or hexagonal bipyramidal for the Pd1(Si) 5 (Pd) 3 moiety]. Five atoms (Pd1, Pd2, Pd2*, Pd3, and Si1) locate on the same plane, whereas two Si atoms (Si2 and Si2*) deviate from the plane by 0.59 Å. The Pd1-Si1, Pd1-Si2(Si2*), and Pd1-Si3(Si3*) bond distances of 2.3265(13), 2.2944(9), and 2.4357(10) Å, respectively, are similar Although it is difficult and less meaningful to assign a formal oxidation state for each atom in cluster-type compounds (19, 20) , an unusual ϩ5 formal oxidation state may be assigned to the central Pd atoms (Pd1) in 5 and 6, if each Pd1-Si bond is simply counted to increase the formal oxidation state of Pd1 by ϩ1. Therefore, we carried out density functional theory calculations for 5 and 6 to obtain further information about the structures of compounds 5 and 6. We also further evaluated the bonding of 5 and 6, using Mayer's bond order analysis (24) and Bader's atoms in molecule (AIM) analysis (25) ; the former was used for the bonding analysis of compound 1 (20) , and the latter searches for bond critical points and indicates the existence of a chemical bond between two atoms sharing the bond critical point. Both calculated structures of 5 and 6 accurately reproduced the x-ray structures of 5 and 6. Table 2 summarizes selected bond distances obtained from x-ray analysis and density functional theory calculations and Mayer bond orders for 5 and 6 [see supporting information (SI) Tables 4 and 5 for Cartesian coordinates for the calculated structures of 5 and 6, and see SI Tables 6 and 7 for further lists of Mayer bond orders for 5 and 6]. For compound 5, the bond orders of the five Pd1-Si bonds (0.67-0.77) are higher than the highest value (0.63) calculated for the Pd-Si bonds of the central Pd atom in compound 1 (20) . The total bond orders of the five Pd1-Si bonds (3.63) is also higher than that of the six central Pd-Si bonds (3.32) in 1 (20) . The calculated bond orders and the bond distances determined by x-ray analysis suggest that the five Pd1-Si bonds in 5 have a relatively high single-bond character. The bonds between the pentacoordinate Si1 and terminal Pd atoms (Pd2 and Pd3) have lower bond orders (average 0.50), as expected from the long bond distances. The total (3.59) and individual bond orders (0.67-0.75) of the five Pd1-Si bonds in 6 are at a level similar to those of 5, suggesting that the five Pd1-Si bonds in 6 also have a relatively high single-bond character. The six outer Pd-Si bonds in 6 have lower bond orders (average 0.48), as expected from the long bond distances.
Because attempted AIM analysis on compounds 5 and 6 failed as a result of its inability to find bond critical points for the C-H bonds of the benzene rings of 5 and 6, we carried out AIM analysis on model systems M5 and M6 ( Fig. 6a ; see also SI Figs. 7 and 8), which were constructed by removing carbon atoms from 5 and 6, respectively. The Cartesian coordinates of core regions were fixed, while the positions of the substituted hydrogen atoms were optimized. Thus, the nature of the chemical bonds of the core regions in the model compounds M5 and M6 should be the same as those in the real systems. AIM analysis on M5 and M6 was successful and indicated the existence of bond critical points in all Pd1-Si bonds of M5 and M6 (Fig. 6b) . This result also supports the bonding nature of Pd1-Si bonds of compounds 5 and 6. Mayer bond order analysis (Table 2) The formation of silylpalladium compounds with unusual Pd centers ligated by five Si atoms represents one of interesting features of Si ligands in transition metal chemistry. Although interest in the chemistry of transition metal compounds with Si ligands is rapidly growing (26), the field is still at the initial stage of development compared with the organometallic chemistry of transition metals. We believe Si ligands will provide further unique chemistry of transition metals and lead to the development of unique catalyses.
Materials and Methods
All manipulations of air-sensitive materials were carried out under a nitrogen atmosphere by using standard Schlenk tube techniques Fig. 5 . Thermal ellipsoid plots (50% probability level for Pd, P, Si, and C atoms) of compound 5 (a) and compound 6 (b) determined by single-crystal x-ray diffraction. Hydrogen atoms on the carbon atoms (for 5 and 6) and carbon atoms on the phosphorus atoms (for 6) are omitted for clarity. 4 (300 mg, 0.52 mmol) and dmpe (78 mg, 0.52 mmol) was stirred at room temperature overnight. Volatiles were removed under vacuum to leave Pd(PEt 3 ) 2 (dmpe) as a viscous solid. To the solid was added toluene (5 ml) and 1,2-C 6 H 4 (SiMe 2 H)(SiH 3 ) (87 mg, 0.52 mmol) at 0°C. During the addition of 1,2-C 6 H 4 (SiMe 2 H)(SiH 3 ), a small amount of gas evolution was observed. Then the mixture was stirred at room temperature for 12 h under a nitrogen atmosphere. Removal of the volatiles under vacuum and washing the residual solid with hexane gave 3 in 72% yield (157 mg) as a pale brown powder. The product is practically pure and used for the following reactions without further purification. 1 The atomic numbering refers to that in Fig. 5 . oil bath at 90°C for 44 h, at 95°C for 51 h, and then at 100°C for 47 h. After cooling to room temperature, volatiles were removed under vacuum to give crude solid products. NMR measurement of the crude products showed that the conversion of 3 was Ϸ68% and the formation of 4 (Ϸ39%, meso-4/dl-4 ϭ 72/28) and 5 (Ϸ23%) as major products. The crude products were dissolved in THF (Ϸ20 ml) and filtered through a membrane filter (Sartorius Minisart SRP 15, no. 17573). The filtrate was evacuated to remove volatiles, and the remaining solid was extracted with hexane (3 ϫ 4 ml) and hexane/toluene mixture (1/1, 3 ϫ 3 ml), leaving a solid mixture mainly consisting of 4 and 5. The solid was dissolved in toluene (20 ml) by heating at 100°C for a few minutes. After cooling to room temperature, the supernatant was transferred to another Schlenk tube to remove a small amount of undissolved materials on the bottom. A few crystals of 4 were added to the solution to induce crystallization, and the mixture was kept at room temperature for 1 day to give almost colorless crystals of 4. The supernatant was removed by decantation, and the remaining crystals were washed with toluene (1 ϫ 1 ml and 2 ϫ 0.5 ml) and hexane (1 ϫ 0.5 ml and 2 ϫ 1 ml) and dried under vacuum to give 65 mg of 4 (meso-4:dl-4 ϭ 78:22). The supernatant was evacuated to remove the solvent, and the resulting solid was dissolved in 16 ml of 1,2-dimethoxyethane (DME) by heating in an oil bath at 100°C for a few minutes. Keeping the solution at room temperature for 1 day gave orange-red crystals of 5 containing DME as a cocrystallization solvent. The supernatant was removed by decantation, and the remaining crystals were washed with DME and hexane to give 27 mg (6%) of 5. The separated supernatant was evacuated to remove the solvent, and the resulting solid was recrystallized from toluene to give additional 4 (58 mg). Total isolated yield of 4 was 24%. dd, J P-P ϭ 10 and 31), 17.3 (dd, J P-P ϭ 12 and 29), 18.9 (dd, J P-P ϭ 10 and 29), 21.0 (dd, J P-P ϭ 12 and 31). A toluene solution (100 ml) of 3 (910 mg, 2.16 mmol) was heated in an oil bath at 100°C for 6 days. The estimated molar ratio of 3/4 (two isomers)/5/6 by 1 H NMR spectroscopy was 73/19/7.7/0.3 at this stage. The solution was evacuated to reduce the volume to Ϸ40 ml and then was heated in an oil bath at 100°C for 58 h. The estimated molar ratio of 3/4 (two isomers)/5/6 by 1 H NMR spectroscopy was 48/34/17/1 at this stage. The mixture was evacuated to dryness and washed with hexane (2 ϫ 7 ml and 3 ϫ 5 ml) to leave solid materials. The solid was dried under vacuum, dissolved in toluene (7 ml), and heated in an oil bath at 100°C for 84 h. The estimated molar ratio of 3/4 (two isomers)/5/6 by 1 H NMR spectroscopy was 29/38/30/3 at this stage. The mixture was evacuated to dryness and reacted with 1,2-C 6 H 4 (SiMe 2 H) (SiH 3 ) (111 mg, 0.67 mmol) in THF (10 ml) at 40°C for 11 h [this hydrosilane selectively reacted with compound 4 to form an unidentified product(s), which has much higher solubility in hexane than does 4 and can be easily removed from the mixture by solvent extraction]. The mixture was evacuated to dryness and washed with hexane (4 ϫ 5 ml), hexane/toluene (3/2) mixture (4 ϫ 5 ml), and hexane/toluene (1/1) mixture (3 ϫ 7 ml). The residue was dissolved in THF (20 ml), filtered through a membrane filter (Sartorius Minisart SRP 15, no. 17573), and evacuated to dryness to give yellow-brown solid (179 mg). 1 H and 31 P NMR spectroscopy showed that the solid consisted of 5 and 6 in a 92:8 molar ratio. Fortunately, compound 6 has higher solubility in DME but much lower solubility in diethyl ether than does 5. The solid was extracted with DME (6 ml) to give a mixture of 5 and 6 in a 3:4 molar ratio and to leave pure 5 (153 mg, 19% yield). Then, the mixture (after evacuation) was extracted with diethyl ether (1 ϫ 3 ml, 1 ϫ 2 ml, 1 ϫ 1 ml) to leave compound 6 with Ͼ80% purity by 1 H and 31 P NMR spectroscopy (9 mg). 8 , dept) ␦ 102.0-103.9 (m, Si1), 138.1-140.5 (m, Si2 and Si2*). The measurement parameters were adjusted to the silicon atoms with directly bound hydrogen atoms. The assignments of the signals are based on the prediction by the theoretical calculations (Table 3) . 29 Si{ 1 H} NMR (THF-d 8 , inept) ␦ 19.0 (s, Si3 and Si3*). The measurement parameters were adjusted to the silicon atoms with two methyl groups.
X-Ray Data Collection, Structure Determination, and Refinement. For details on x-ray data collection, structure determination, and refinement for compounds meso-4, dl-4, 5, and 6, see SI Materials and Methods and SI Data Set.
Computational Details. The calculations for geometry optimizations, vibrational frequency analysis, NMR chemical shifts, Mayer's bond-order analysis, and AIM analysis were carried out with the Gaussian 03 program package (27) . For further details on computations, see SI Materials and Methods.
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